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Abstract
Aeromonas dhakensis, often phenotypically identiﬁed as Aeromonas hydrophila, is an important human pathogen. The present study aimed to
compare the clinical and biological features of A. dhakensis and A. hydrophila isolates from human wounds. A total of 80 Aeromonas wound
isolates collected between January 2004 and April 2011 were analysed. The species was identiﬁed by the DNA sequence matching of rpoD
and gyrB (or rpoB if necessary). Most of the Aeromonas isolates were identiﬁed as A. dhakensis (37, 46.3%), and 13 (16.3%) as A. hydrophila.
Both species alone can cause severe skin and soft-tissue infections. More A. dhakensis isolates were found in wounds exposed to
environmental water (32.4% vs 0%, p 0.042). More bioﬁlm formation was noted among A. dhakensis isolates (mean optical density at
570 nm, 1.23  0.09 vs 0.78  0.21, p 0.03). The MICs of ceftriaxone, imipenem and gentamicin for A. dhakensis isolates were higher
(p <0.0001, <0.04, and <0.01, respectively). The survival rates of Caenorhabditis elegans co-incubated with A. dhakensis from day 1 to day 3
were lower than those of worms infected with A. hydrophila in liquid toxicity assays (all p values <0.01). Isolates of A. dhakensis exhibited
more cytotoxicity, as measured by the released leucocyte lactate dehydrogenase levels in human normal skin ﬁbroblast cell lines
(29.6  1.2% vs 20.6  0.6%, p <0.0001). The cytotoxin gene ast was primarily present in A. hydrophila isolates (100% vs 2.7%, p <0.0001).
In summary, A. dhakensis is the predominant species among Aeromonas wound isolates, and more virulent than A. hydrophila.
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Introduction
Recently, at least three subspecies were identiﬁed among
clinical and environmental Aeromonas hydrophila isolates:
A. hydrophila subsp. dhakensis, A. hydrophila subsp. hydrophila
and A. hydrophila subsp. ranae [1]. Aeromonas dhakensis, i.e.
A. hydrophila subsp. dhakensis or Aeromonas aquariorum, has
been isolated from aquatic environments and clinical samples
[2,3]. Clinical isolates have been recovered from stool, blood,
wound and other extra-intestinal samples from humans
globally [2,4–7]. The virulence of A. dhakensis has been
recognized based on the previous studies of A. aquariorum,
which carries a number of virulence genes responsible for
pathology [6,7], and had the most potent toxicity to human
blood cell lines among the tested Aeromonas species [7].
Aeromonas dhakensis is an emerging pathogen worldwide and
can cause invasive diseases in humans.
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Aeromonas hydrophila has been regarded as an important
Aeromonas species and is implicated in a variety of human
infectious diseases [8]. However, the importance attributed to
A. hydrophila should be re-evaluated due to the changing
taxonomy. Phenotypic identiﬁcation of Aeromonas species has
been considered difﬁcult because of the limitations of
commercial identiﬁcation systems (i.e. API20E, Vitek, BBL
Crystal, MicroScan W/A) [9]. As a result, molecular methods
have been adopted widely to correctly identify Aeromonas
species [5]. The nucleotide sequences of housekeeping genes,
such as gyrB, rpoD and rpoB, have been proven to be reliable
markers for the taxonomic discrimination of Aeromonas
species [3,10]. Several reports indicate that isolates originally
identiﬁed as A. hydrophila based on phenotypic methods can be
recognized as A. dhakensis using rpoD or gyrB sequencing [3,7].
It is possible that the prevalence of human infections caused by
A. dhakensis is underestimated because of the potential of this
species to be recognized as A. hydrophila by the pheno-
type-based identiﬁcation system.
The major aim of the present study was to compare the
clinical features and microbiological characters of A. dhakensis
and A. hydrophila isolates from human wounds. In addition, the
virulence of these two species was compared in a lethality
model using Caenorhabditis elegans, a free-living soil nematode
that is increasingly used to study host–pathogen interactions
[11,12], and in human cell lines.
Materials and Methods
Species determination of Aeromonas isolates
Consecutive Aeromonas wound or pus isolates at the National
Cheng Kung University Hospital, a medical centre in southern
Taiwan, were collected from January 2004 to April 2011 and
stored at 70°C until use. During the study period, 80
isolates were available for analysis. The genus Aeromonas was
identiﬁed as described previously [13]. The phenotype of
species was determined by the Vitek 2 GN (BioMerieux, Inc.,
Durham, NC, USA) and/or API 20E (BioMerieux Marcy-
l’Etoile, France) identiﬁcation cards and biochemical tests.
The clinical features of the patients’ wounds recorded in the
medical charts were reviewed retrospectively. The study was
ethically approved by The Institutional Review Board of
National Cheng Kung University Hospital (IRB no.
ER-99-301), and the requirement for informed consent was
waived.
Species identiﬁcation of each Aeromonas isolate was deter-
mined based on the partial sequences of rpoD and gyrB (or rpoB
if necessary) [10,14]. The sequences of ampliﬁed DNA
products were compared with reference sequences available
in the GenBank database using BLAST (http://www.ncbi.nlm.nih.
gov/BLAST/). Isolates with a dissimilarity value <3% were
considered to be the same species when there was agreement
between the rpoD and gyrB sequences. The ﬁnal identiﬁcation
of Aeromonas taiwanesis and Aeromonas sanarellii were based on
the rpoD and rpoB sequences, as there were no available gyrB
sequences for these two species in the GenBank database. The
reference strains for rpoD, gyrB and rpoB sequencing (GenBank
accession no.) are described in the Supplementary material
(Table S1).
Antimicrobial susceptibility tests
The MICs of cefuroxime, ceftriaxone, cefepime, piperacillin-ta-
zobactam, levoﬂoxacin, gentamicin, minocycline and imipenem
for the A. dhakensis and A. hydrophila wound isolates were
determined using Etest strips (AB Biodisk, Solna, Sweden).
The results were interpreted following the CLSI recommen-
dations for Aeromonas [15]. The extended-spectrum b-lactam-
ase (ESBL) production phenotype was determined using the
clavulanate combination disc test and the cefepime-clavulanate
ESBL Etest (AB Biodisk).
Crystal violet bioﬁlm assay
Bioﬁlm formation was quantiﬁed by established methods using
optical density at 570 mm (OD570) with values corrected by
subtraction of background, according to procedures described
elsewhere [16]. The experiment was repeated independently
three times.
PCR detection of the genes encoding putative virulence
factors
Polymerase chain reactions using previously described primers
and conditions were conducted to detect the genes encoding
heat-stable enterotoxin (ast), haemolysin (ahh1), cytotoxic
enterotoxin (act), enolase (eno) and components of the type III
secretion system (ascV and aexT) [17]. Aeromonas hydrophila
ATCC 7966T was used as a positive control for the ahh1, act,
eno and ast genes [17]; A. veronii ATCC 9071T had ascV and
aexT, which were sequenced and identical to those in the
BLAST search.
Liquid toxicity assay (C. elegans)
Isolates tested included all 13 A. hydrophila and 14 selected
A. dhakensis isolates (seven isolates causing monomicrobial
infections and seven randomly selected isolates from polymi-
crobial wounds). The survival rate of worms was determined
by counting the number of live worms out of the total number
of worms found each day under a dissecting scope. The mean
survival rates of C. elegans from day 1 to day 3 were
determined separately for A. dhakensis and A. hydrophila iso-
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lates. Liquid toxicity assay procedures are detailed in the
Supplementary material, Data S1.
Cytotoxicity assay
Cytotoxicity assays were performed in a normal skin ﬁbroblast
cell line and measured by the released leucocyte lactate
dehydrogenase level. The experimental procedures are sum-
marized in the Supplementary material, Data S1.
Statistical analysis
Statistical analysis was performed to compare the differences
in the variables between adults infected with A. dhakensis or
A. hydrophila isolates using the Statistical Package for Social
Sciences (SPSS version 17.0, Chicago, IL, USA). The median
MICs were compared using the Mann–Whitney U test.
Categorical variables were compared using the chi-square test
or Fisher’s exact test if the expected counts were <5.
Results
During the study period, a total of 80 Aeromonas wound
isolates were obtained. The species identities of 76 Aeromonas
isolates were in agreement between rpoD and gyrB sequencing
results: 37 isolates of A. dhakensis, 14 A. veronii, 13 A. hydro-
phila, 11 A. caviae, and one A. media. According to the rpoD and
rpoB sequencings, two isolates were identiﬁed as A. taiwanesis
and two A. sanarellii isolates, which were found after the initial
report of the type strains of A. taiwanesis (A-50T) and
A. sanarellii (A-67T) [18].
All 13 A. hydrophila isolates showed matched results
between molecular and phenotypic typing. Of 37 A. dhakensis
isolates, 36 isolates were initially identiﬁed as A. hydrophila and
one as A. caviae by phenotypic tests. The L-arabinose fermen-
tation test was negative for 37 A. dhakensis and positive for 13
A. hydrophila isolates. The GenBank accession numbers of the
rpoD sequences for 37 A. dhakensis and 13 A. hydrophila isolates
are listed in the Supplementary material, Table S2.
The 50 study isolates were obtained from 47 patients,
including one patient with two A. dhakensis isolates with
different antibiograms and two with co-existing A. dhakensis
and A. hydrophila isolates. Most patients (36; 76.6%) lived in
Tainan, which has a population of 1.87 million inhabitants in
southern Taiwan. Clinical features of 45 patients with
A. dhakensis and A. hydrophila infections are compared in
Table 1. Of 45 patients, 26 (57.8%) had wounds associated
with trauma and 38 (84.4%) were admitted to the hospital. Of
these Aeromonas-associated wound infections, most were
polymicrobial (34; 75.6%). Clinical features, underlying disease
and in-hospital mortality rate, were similar in two groups. A
total of 26 bacterial species other than aeromonads were
cultivated from the wounds. The common co-existing organ-
isms were Enterobacter cloacae (11 isolates), Enterococcus
species (eight isolates) and Morganella morganii (ﬁve isolates).
Notably, more A. dhakensis isolates than A. hydrophila isolates
were found in patients with a recent history of exposure to
environmental water (32.4% vs 0%, p 0.042).
Among the 11 patients with monomicrobial Aeromonas
infections, seven were infected with A. dhakensis, and the
remaining four were infected with A. hydrophila (Table 2). Ten
of these 11 patients had co-morbidities, among which liver
disease was the most common (four patients). Two patients
with A. dhakensis infections had wounds with a history of water
exposure. Surgical fasciotomy or debridement was performed
in eight cases. Three A. dhakensis and two A. hydrophila isolates
caused necrotizing fasciitis, which was managed with emergent
fasciotomy. There was only one fatality, a 53-year-old patient
with rectal cancer and liver cirrhosis who died of necrotizing
fasciitis of the lower limb due to A. hydrophila despite the use
of antibiotics in conjunction with a fasciotomy.
To assess solid-surface-associated bioﬁlm formation on
polystyrene plates, the level of crystal violet staining, deter-
mined by measuring the OD570, was studied. Aeromonas
dhakensis isolates formed more solid-surface-associated bio-
ﬁlms than A. hydrophila isolates (means  SEM of OD570:
A. dhakensis, 1.23  0.09 vs A. hydrophila, 0.78  0.21;
p 0.03).
TABLE 1. Clinical features of 45 patients with Aeromonas
dhakensis and Aeromonas hydrophila wound isolates
Clinical features
No. (%)
p values
Aeromonas
dhakensis,
n = 34
Aeromonas
hydrophilaa,
n = 11
Age (mean  standard
deviation)
49.9  20.7 59.5  13.0 0.159
Male 25 (73.5) 7 (63.6) 0.704
Underlying diseases
Diabetes mellitus 6 (17.6) 4 (36.4) 0.228
Malignancy 3 (8.8) 3 (27.3) 0.146
Liver cirrhosis 3 (8.8) 1 (9.1) 1.000
Renal disease 3 (8.8) 2 (18.2) 0.586
Wound with water exposure 11 (32.4) 0 0.042
Polymicrobial isolates from
wound
27 (79.4) 7 (63.6) 0.421
Causes of soft-tissue lesions
Trauma 21 (61.8) 5 (45.5) 0.485
Burn 2 (5.9) 2 (18.2)
Surgical wound infection 3 (8.8) 1 (9.1)
Others 8 (23.5) 3 (27.3)
Clinical condition at the time of isolation
Fever 9/32 (28.1) 3/9 (33.3) 1.000
White blood cell count
≥10 000/mm3
19/32 (59.4) 7/9 (77.8) 0.445
Hospitalization 29 (85.3) 9 (81.8) 1.000
In-hospital mortality 2 (5.9) 1 (9.1) 1.000
aAll 13 A. hydrophila isolates were regarded as A. hydrophila subsp. hydrophila
according to the positive results of salicin and sucrose fermentation tests, which
were both negative in A. hydrophila subsp. ranae [2,5,25].
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All A. dhakensis and A. hydrophila isolates were susceptible
to cefepime, piperacillin/tazobactam, minocycline and levoﬂox-
acin (Table 3). Of note, the susceptibility rate to cefuroxime in
A. dhakensis isolates was higher (92%) than that for ceftriaxone
(84%). In contrast all A. hydrophila isolates were susceptible to
cefuroxime or ceftriaxone. None of the six ceftriaxone-resis-
tant A. dhakensis isolates expressed an ESBL-phenotype. The
median MICs for ceftriaxone, imipenem and gentamicin for
A. dhakensis isolates were higher than those of A. hydrophila
isolates. In contrast, the differences in MICs of cefuroxime,
cefepime, piperacillin/tazobactam, minocycline or levoﬂoxacin
were not signiﬁcant.
The survival rates of C. elegans cultivated with isolates of
A. dhakensis, A. hydrophila or Escherichia coli OP50 for 3 days
were examined using the liquid toxicity assay. The average
survival rates of C. elegans infected with A. dhakensis isolates
on day 1, day 2 and day 3 were lower than those of
A. hydrophila isolates (6.7% vs 14.6%, p <0.0001; 6.1% vs 9.5%,
p 0.002; 4.1% vs 6.5%, p 0.008, respectively). In contrast, all
C. elegans incubated with E. coli OP50 were still alive on day 3.
Six A. dhakensis isolates and six A. hydrophila isolates were
randomly selected to be tested on human normal skin
ﬁbroblast cell lines. The A. dhakensis isolates exhibited more
cytotoxicity than the A. hydrophila isolates (29.6  1.2% vs
20.6  0.6%, p <0.0001).
All A. dhakensis and A. hydrophila isolates carried ahh1 and
eno (Table 4). In the two species, aexT was identiﬁed in only
one A. hydrophila isolate, but ast (100% vs 2.7%, p <0.0001) and
ascV (92.3% vs 51.4%, p 0.017) were primarily present in
A. hydrophila isolates. The prevalence of act in A. dhakensis and
A. hydrophila isolates was similar (43.2% vs 38.5%, p 0.653).
According to the distribution of these six genes, A. dhakensis
and A. hydrophila isolates could be categorized into eight
genotypes. Type 2 was the predominant type among A. hydro-
phila isolates (7 of 13; 53.8%). Among A. dhakensis isolates,
type 5 was the most common (13 of 37; 35.1%), followed by
type 6 (11 of 37; 29.7%).
Discussion
Aeromonas species are important endemic pathogens in
southern Taiwan and the average annual incidence of Aeromo-
nas bacteraemia in this area is 76 cases/million inhabitants,
higher than that reported in California, England and Wales, or
France [19]. Severe skin and soft-tissue infections (SSTIs) have
been reported to be mainly associated with A. hydrophila [20].
However, the incidence of SSTIs caused by A. dhakensis may be
underestimated, as this species may be reported as A. hydro-
phila based on phenotypic tests [3,7]. SSTIs caused byT
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A. dhakensis have been reported in Taiwan. For example, in a
set of 22 extra-intestinal A. dhakensis isolates from Taiwan, six
(27.3%) were isolated from clinical wounds [6]. In the present
study, A. dhakensis (37; 46.3%) was the major species among
the 80 Aeromonas wound isolates, and could cause severe
SSTIs. More A. dhakensis-infected or -colonized wounds had a
history of exposure to water than A. hydrophila. Isolation of
A. dhakensis from environments and aquatic creatures has been
reported [2,3,21]. Further environmental surveys assessing the
distribution of A. dhakensis in southern Taiwan are necessary.
The biochemical phenotype of L-arabinose fermentation,
negative for A. dhakensis and positive for A. hydrophila, was
comparable with the species identities according to the partial
sequencing of rpoD and gyrB. Microbiological differentiation
between clinical A. dhakensis and A. hydrophila isolates is of
clinical signiﬁcance for subsequent antimicrobial therapy.
Clinical A. dhakensis isolates from Taiwan have been reported
to be resistant to an array of antimicrobial agents, including
amoxicillin, cephalothin and cefoxitin [6]. In addition, we found
ceftriaxone or imipenem resistance among 16% and 30% of
A. dhakensis isolates, respectively. Therefore, ceftriaxone or
imipenem should be used with caution when treating A. dhak-
ensis infections. Ampicillin therapy for Aeromonas infection is
not recommended because resistance is characteristic among
most Aeromonas species except A. trota [13]. Although the
susceptibility rate to cefuroxime was higher than that to
ceftriaxone in A. dhakensis isolates, cefuroxime or ceftriaxone
therapy is discouraged for severe A. dhakensis infections,
because of the presence of an AmpC-like b-lactamase
(AQU-1) in A. dhakensis isolates [22]. The induced expression
of blaAQU-1 would result in cephalosporin resistance in the
presence of inducers or the emergence of de-repressed
mutants [22,23].
The greater ability to form bioﬁlms is considered an
important pathogenic process in the development of Aero-
monas gastroenteritis [24]. In addition, an association
between bioﬁlm formation and virulence of A. hydrophila in
mice has been reported in a septic mouse model [25].
Although the clinical signiﬁcance of bioﬁlm formation in
wound infections is unknown, the greater in vitro bioﬁlm
formation ability may enhance colonization of A. dhakensis in
clinical wounds.
TABLE 3. Minimal inhibitory concentrations and susceptibility of eight antimicrobial agents for 37 Aeromonas dhakensis and 13
Aeromonas hydrophila isolates
Drugs
A. dhakensis, n = 37 A. hydrophila, n = 13
p valuea
MIC, lg/mL No. (%) MIC, lg/mL No. (%)
Range 50% 90% S I R Range 50% 90% S I R
Cefuroxime 0.5–256 2 4 34 (91.9) 2 (5.4) 1 (2.7) 0.5–4.0 1.0 2.0 13 (100) 0 0 0.21
Ceftriaxone 0.25–4 1 2 31 (83.8) 5 (13.5) 1 (2.7) <0.125–0.5 <0.125 0.25 13 (100) 0 0 <0.0001
Cefepime <0.5 <0.5 <0.5 37 (100) 0 0 <0.5 <0.5 <0.5 13 (100) 0 0 0.06
Piperacillin/tazobactam 0.5–4 2 2 37 (100) 0 0 <0.5–2 2 2 13 (100) 0 0 0.92
Imipenem 0.25–256 2 16 26 (70.3) 7 (18.9) 4 (10.8) 0.25–4 0.5 4 11 (84.6) 2 (15.4) 0 0.04
Minocycline 1–4 1 4 37 (100) 0 0 1–2 1 2 13 (100) 0 0 0.48
Levoﬂoxacin <0.125–1 <0.125 0.25 37 (100) 0 0 <0.125–8 <0.125 0.5 12 (92.3) 1 (7.7) 0 0.13
Gentamicin 0.25–4 0.5 0.5 37 (100) 0 0 0.25–4 0.25 0.5 13 (100) 0 0 0.01
aMedian MICs were compared by the Mann–Whitney U test.
TABLE 4. Distribution of putative virulence factors among clinical wound isolates of Aeromonas hydrophila and Aeromonas
dhakensis
Pathogen Type
Virulence genes
Total no.ahh1 act ast ascV eno aexT
A. hydrophila, n = 13 1 + + + + +  4
2 +  + + +  7
3 + + +  +  1
4 +  + + + + 1
Total no. (%) 13 (100) 5 (38.5) 13 (100) 12 (92.3) 13 (100) 1 (7.7) 13 (100)
A. dhakensis, n = 37 3 + + +  +  1
5 +    +  13
6 + +  + +  11
7 +   + +  8
8 + +   +  4
Total no. (%) 37 (100) 16 (43.2) 1 (2.7) 19 (51.4) 37 (100) 0 (0) 37 (100)
p value – 0.653 <0.0001 0.017 – 0.260
‘+’ denotes the presence of indicated genes by PCR, and ‘‘ their absence.
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The virulence of A. dhakensis isolates against C. elegans was
more prominent than that of A. hydrophila isolates. Caenor-
habditis elegans is an established model for the study of host–
microbe interactions [11,12]. Aeromonas hydrophila isolates
have been shown to be virulent to C. elegans in plate assays
[26], which requires approximately 3 weeks and is labour
intensive. Our results suggest that the C. elegans liquid toxicity
assay can determine the pathogenicity of aeromonads rapidly.
The cytotoxicity test using a human normal skin ﬁbroblast
cell line revealed that A. dhakensis is more toxic than
A. hydrophila. Blood isolates of A. dhakensis have been demon-
strated to be more virulent to human blood cell lines in vitro
than other clinical species [7]. These data demonstrate the
potent cytotoxicity of A. dhakensis and justify the need to
differentiate A. dhakensis from A. hydrophila.
The distributions of virulence markers in A. dhakensis and
A. hydrophila isolates are different. More A. hydrophila isolates
carry ast or ascV genes. The high prevalence rate of ahh1 in
A. dhakensis was compatible with published data [6,7]. The
type 3 secretion system gene, ascV, was detected in 51% of 37
A. dhakensis isolates, in accordance with the prevalence rate
(64%) of ascF-ascG, which encodes a type 3 secretion system
component, in A. dhakensis clinical isolates [6]. The prevalence
of other virulence genes varied among studies. For example,
the cytotoxic enterotoxin gene ast was present in 2.7% of
A. dhakensis isolates, a much lower prevalence than the 50–
83.3% found in wound and blood A. dhakensis isolates [6,7].
However, no single virulence gene could explain the difference
in toxicity between A. dhakensis and A. hydrophila isolates in the
present study. The whole genome sequence of an A. dhakensis
strain (A. aquariorum AAK1) has been published and will allow
the identiﬁcation of a number of important virulence genes
responsible for invasive human infections [27].
The present study had several limitations. First, the clinical
data were collected by a retrospective chart review and
analysed accordingly. There may be a certain degree of
selection bias because patients with clinical wounds with
greater severity, from which the Aeromonas species were
isolated, presented to the study hospital, and mild soft-tissue
infections due to Aeromonas species would therefore be rare in
the present study. Second, the number of cases retrieved was
limited, and all cases were from a single medical centre. A
multicentre clinical study that includes more cases would be
helpful, and a large–scale molecular study to understand the
epidemiology of these environment-derived Aeromonas isolates
in Taiwan is warranted. Third, although the current CLSI
reference method of MIC determination for Aeromonas species
is the broth microdilution test [15], the Etest strips were used
to determine the MICs and ESBL phenotype in our study, a
good correlation between both methods has been reported in
many gram-negative bacteria, including A. hydrophila [28].
Moreover, two recommended methods, including broth
microdilution and combined disc diffusion tests, of ESBL
phenotype detection have been suggested for Enterobacteria-
ceae, but not for Aeromonas species [29]. However, our
previous work found that the cefepime-clavulanate Etest
performed as well as the combined disc diffusion test in
detecting ESBL among Aeromonas isolates [30]. Therefore, in
our opinion it is reasonable to use the Etest for MIC
measurement and ESBL detection in Aeromonas isolates.
Conclusions
Both A. dhakensis and A. hydrophila alone can cause severe
SSTIs. The virulence potential of A. dhakensis is greater than
that of A. hydrophila.
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